When washed at moderate temperatures, slices of many underground storage organs show a steady rise in their rate of respiration until it reaches a value two to five times that of freshly cut tissue. Laties (3) has recently reviewed our knowledge of these changes in respiration. In accordance with his suggestion, the respiration which develops gradually on washing will be referred to as induced respiration. It is important to distinguish between this induced respiration and any immediate increase in respiration caused by cutting the whole organ. Stiles and Dent (9) and Turner and Hanly (10) have reported the development of such an induced respiration in washed slices of carrot tissue. In a previous paper (1) we have shown that in freshly cut carrot tissue glucose is oxidized through both the Embden-Meyerhof-Parnas (EMP) glycolytic pathway and the pentose phosphate (PP) pathway, and that it is possible to alter the relative contributions of these two pathways to glucose oxidation. On indirect evidence, Laties (4) has suggested that the development of induced respiration involves qualitative as well as quantitative changes in the respiration. In view of our knowledge of the respiratory pathways in freshly cut carrot tissue it was worthwhile to examine the pathways of glucose oxidation in washed tissue. This paper describes some further characteristics of the basal and induced respiration in carrot tissues and presents evidence that the development of the induced respiration was accompanied by an increase in the proportion of glucose oxidized through the PP pathway. Evidence is also presented that a similar increase in the activity of the PP pathway accompanied the development of the induced respiration of slices of potato tubers.
When washed at moderate temperatures, slices of many underground storage organs show a steady rise in their rate of respiration until it reaches a value two to five times that of freshly cut tissue. Laties (3) has recently reviewed our knowledge of these changes in respiration. In accordance with his suggestion, the respiration which develops gradually on washing will be referred to as induced respiration. It is important to distinguish between this induced respiration and any immediate increase in respiration caused by cutting the whole organ. Stiles and Dent (9) and Turner and Hanly (10) have reported the development of such an induced respiration in washed slices of carrot tissue. In a previous paper (1) we have shown that in freshly cut carrot tissue glucose is oxidized through both the Embden-Meyerhof-Parnas (EMP) glycolytic pathway and the pentose phosphate (PP) pathway, and that it is possible to alter the relative contributions of these two pathways to glucose oxidation. On indirect evidence, Laties (4) has suggested that the development of induced respiration involves qualitative as well as quantitative changes in the respiration. In view of our knowledge of the respiratory pathways in freshly cut carrot tissue it was worthwhile to examine the pathways of glucose oxidation in washed tissue. This paper describes some further characteristics of the basal and induced respiration in carrot tissues and presents evidence that the development of the induced respiration was accompanied by an increase in the proportion of glucose oxidized through the PP pathway. Evidence is also presented that a similar increase in the activity of the PP pathway accompanied the development of the induced respiration of slices of potato tubers.
MATERIALS AND METHODS
Different varieties of carrots and potatoes were used. Slices of the carrot roots and the potato tubers were cut and sampled as described earlier (1) . Comparisons between fresh and washed tissue were made only within the same batch of replicate samples. Half the samples were used at once and were designated freshly cut tissue. The remaining samples were placed in the washing apparatus and referred to as washed tissue.
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The discs were washed in an apparatus modelled on that used in the study of beech mycorrhizas by Harley and McCready (2) . Each sample was washed separately in 80 to 100 ml of 0.02 M potassium phosphate at pH 5.0. The discs were washed for 24 hours at room temperature. The buffer was changed three times during this period. The discs were agitated continuously by bubbling sterile air through the washing solution. The complete apparatus and the buffer were sterilized before use. We found no evidence of microbial contamination of the washed samples. For Changes in C,/C, ratio during development of respiratory rise: The first indication that a change in metabolism occurred during washing was an unexpected fall in the C,/C1 ratio a few hours after adding the glucose to freshly cut tissue. The usual (and expected) finding is that the contribution of C-6 relative to that of C-1 increases steadily with time and the initial ratio is that aimed for in looking for the participation of the PP pathway. In all our experiments with fresh carrot slices of varied origin, the ratio during the first 2 to 3 hours was remarkably constant at about 0.48. However in every experiment the ratio observed during the succeeding 4-hour period [i.e., at a time coinciding with the beginning of the respiratory rise ( fig 1A) ] was significantly lower than this. This marked change in C6/C1 ratio was due to the relatively greater increase in the contribution of C-1 to COO. Table V shows the results of five experiments in which these changes were measured with time. It should be recognized that the fall in the ratio occurred despite the fact that the release of C-6 as COO was increasing during this time, and that a subsequent increase in the ratio would occur when the release of C-1 neared completion. These findings suggested that development of the induced respiration was accompanied by an increase in amount of glucose channeled through the PP pathway.
When slices which had been washed for 24 hours were examined, it was gratifying to find that the C,,/ C1 ratio was very low-i.e., about half that observed in the fresh material for the corresponding period (table VI). A significant finding for the hypothesis that the PP pathway was an important component of the induced respiration was that, in contrast to the situation in fresh tissue, there was no temporary decline in the ratio during the subsequent periods (table  VI) . Instead, it rose steadily as would be expected if the release of C-6 depended to some extent on reactions subsequent to the release of C-1, and no further change had occurred in the balance between participating pathways. The order of release of the individual carbons from glucose by fresh slices was established earlier (1). Similar observations on washed slices revealed the important changes shown in figure 2. The first point to be noticed is that glucose is metabolized more rapidly by the washed slices, due at least in part to the fact that the uptake of glucose is more rapid. A more important point however, is the contrasting behavior of C-1 in relation to that of the other carbons. Washing leads to a tremendous increase in the yield of CO2 from C-1. This change contrasts strikingly with the fact that the yields from C-2,3,4, and 6 are barely altered. Not only is the production of CO2 from C-1 more than three times greater than that of C-6 in the washed slices; it is now half as much again as that from C-3,4. This result which has been obtained in each of our experiments is regarded as a highly significant one and crucial for the hypothesis in hand. Glucose-U-C14 was also included in the experiment with washed slices in figure 2; 33.4 % of its carbon had been recovered as CO2 at the end of the experiment. We can calculate that, as in fresh slices, the contribution of C-5 must have been close to that from C-2. From the values in figure 2, ANALYSIS OF TISSUES AFTER UTILIZING GLUCOSE-further fractionated (table X) the relative amounts of 1-C14 AND GLUCOSE-6-C14. The major features of C14 in the various constitutents were similar in the comparison between fresh and washed slices are samples derived from the differently labeled glucose. shown in table VIII. Virtually all the added glucose As in the fresh tissue there was no evidence whatsohad been absorbed by the end of the experimental ever that C-6 entered any compound not also labeled period. More than 60 % of C-1 and about 20 % of C-6 had appeared as CO2 from the washed slices- (to a lower degree) by C-1. Again the amino acids It is clear however that the protein component were separated but the chromatograms did not contain contains appreciable amounts of C-6. When the sol-sufficient C14 to give significant darkening on radiouble carbohydrate and organic acid fractions were autograms exposed for 3 months. figure 5 . Although the lag in glucose uptake has a distorting effect, it is clear that in fresh tissue the rate of release of C-3,4 exceeded that of C-1. It is equally clear that washing led to a tremendous increase in the yield from C-1 relative to that from C-3,4 and there can be no mistaking the superior contribution of C-1 in the washed tissue. At the end of 6 hours when the yield from C-6 was 27 %, and that from C-3,4 was 52 %, more than 70 % of C-1 had been converted to CO2. [Neal and Beevers (6) Once the induced respiration was fully developed, the rate of respiration was close to that of freshly cut tissue which had been treated with DNP. The marked contrast in the effects of DNP upon the oxygen uptake of fresh and washed tissue is similar to that described for potatoes by Sharpensteen (8) . From these data it may be argued that, irrespective of the properties of the respiratory increment caused by DNP, one of the changes which took place while washing these tissues was an increased turnover of ATP and inorganic phosphate.
FROM SPECIFICALLY LABELED GLUCOSE
Development of the induced respiration of carrot slices was accompanied by a marked increase in the rate at which the slices absorbed glucose. The ability of slices of potato to absorb phosphate increased 200-fold during the development of the induced respiration (Loughman 5) . Laties (4) There is good evidence that in the washed tissue, glucose was metabolized along the same pathways as have been described for freshly cut tissue. As might be expected from the higher rate of respiration, washing led to an increase in the rate of C140, production from labeled glucose and pyruvate. Nevertheless, the pattern of this release of C1409, and, with one exception, the extent of this release were almost identical in fresh and washed tissue. The distribution of C14 from 1 and 6 labeled glucose which were supplied to washed tissue was similar to that described for fresh tissue. This similarity is good evidence that the glucose was metabolized through the same routes in both tissues. Finally, the pyruvate data, the appearance of activity from labeled glucose in malate, succinate, citrate, and isocitrate, the inhibition of oxygen uptake by arsenite all implicate the TCA cycle in the respiration of washed tissue. It is stressed that our data indicate that the participation of the TCA cycle in the respiration of carrot tissue was unaltered by development of the induced respiration.
Comparing the C6/C1 ratios of fresh and washed tissues revealed important differences between the two. When glucose was added to fresh tissue and the C6/C1 ratio was measured over the 24 hours which followed cutting the tissue, it was found that an initially low ratio was succeeded by values which were even lower. This decline in the C6/C, ratio coincided with development of the induced respiration. Only when the induced respiration was fully developed did the ratio begin to rise. In contrast, when glucose was added to washed tissue the ratio showed the expected gradual increase from the initially low value. An even more striking difference was that the initial C6/ C, ratio of washed slices was only half that of freshly cut slices. This difference was due primarily to a disproportionate increase in the percentage of carbon 1, as opposed to carbon 6, of the added glucose which was converted to CO,. This point is borne out more clearly when we consider the effect of washing upon the release of C140, from glucose-i-, -2-, -3,4-and -6-C'4. A most revealing feature is that the rate of conversion of C-1 of glucose to CO., after washing actually exceeded that for any other individual carbon in glucose.
In the washed tissue 45 % of the C14 from glucose-1-C14 was confined to C1409. The comparable figure for freshly cut tissue was 28 %. The percentage of the C14 of 3-4, 2, and 6 labeled glucose which was released as C'409 was similar in fresh and washed tissues.
The increased yield of C140, from glucose-1-C14 must be considered in the light of our knowledge of the pathways of glucose catabolism in carrot tissue.
When this is done there can be no doubt that far more of the added glucose was immediately oxidized through the PP pathway in washed tissue than in freshly cut tissue. There also can be little doubt that this change was intimately associated with the induced respiration which developed while washing the tissue. The data strongly suggest that there was no such increase in the amount of the added glucose which was oxidized through the EMP pathway and that dlevelopment of the induced respiration led to an increase in the proportion of glucose oxidized through the PP pathway relative to that oxidized via the EMP pathway.
The effects of washing upon the release of C1402 from specifically labeled glucose and pyruvate confirm this hypothesis. If the increase in the amount of the added glucose oxidized through the PP pathway had been accompanied by a similar increase in the amount oxidized through the EMP pathway, then the contribution of labeled glucose to the pool of pyruvate would have been greatly increased. This would have been reflected either in an increase in the yield of C1402 from 3-4, 2, and 6 labeled glucose or in an increase in the percentage of the carbon of pyruvate which was retained in the tissue. The development of the induced respiration did not lead to any marked increase in the yield of C140, from glucose -3,4-, -2-, or -6-C14, nor was it accompanied by any change in the percentage of the added pyruvate which was retained in the tissue. Clearly there was no substantial increase in the amount of the added glucose which was metabolized through the EMP pathway. Thus we may conclude that in washed tissue a higher proportion of glucose oxidation was mediated by the PP pathway than in freshly cut tissue. The cause of this change is not clear. The demonstration that the C6/C1 ratio of freshly cut slices was unaffected by quadrupling the concentration of glucose (1) shows that the increased contribution of the PP pathway was not simply a result of the more rapid uptake of glucose by the washed tissue.
Our results indicate that the development of induced respiration in carrot tissue did not lead to any major qualitative change in the routes of glucose catabolism. On the other hand, we have shown that the contribution of the PP pathway to the induced respiration must have been very much greater than its contribution to the basal respiration. We have pointed out already (1) that it is not permissible to calculate from our data the exact contributions of the two pathways to the oxidation of glucose. Thus it is not possible to decide whether or not the induced respiration can be attributed entirely to the increase in the activity of the PP pathway. The fact that washing caused a far greater increase in the rate of oxygen uptake than in the rate of fermentation (table  IV) supports, but does not prove this hypothesis.
The characteristics of the induced respiration in slices of potato have been well documented by Laties (3) . In our experiments the rate of respiration increased fivefold. When compared on a basis of fresh weight the initial rate of respiration of potato slices was only one-half to one-third that of carrot slices prepared at the same time. This o0W rate of respiration was accompanied by a very slow appearance of C14'.O from the labeled substrates which were supplied to the potato slices. Only when the induced respiration had begun to develop was the percentage of the added activity recovered as C1409 large enough to give reliable data. Nevertheless, development of the induced respiration was shown to lead to significant changes in the pattern of release of C140, from labeled glucose.
There are three strong indications that the development of induced respiration in slices of potato was also accompanied by an increase in the contribution of the PP pathway to the oxidation of glucose. First the C6/C1 ratio declined steadily during development of the induced respiration. Second, the initial C,/Cl ratio of washed slices was much smaller than that of freshly cut slices. Finally, washing led to a greatly increased yield of C1409 from 1, 2, and 6 labeled glucose; in comparison the yield of C1409 from glucose-3,4-C14 was increased only slightly. The fact that the release of C1409 from glucose-i-C'4 was increased far more than that from glucose-6-C14 implies that the proportion of glucose oxidized through the PP pathway was increased. The increased yields of C1402 from 2 and 6 labeled glucose could be due to recycling of the pentose through the PP pathway.
Romberger and Norton (7) have presented preliminary evidence for operation of the PP pathway in freshly cut slices of potato. Our data suggest that the proportion of glucose which was oxidized via the PP pathway increased during the development of induced respiration and that in this respect slices of potato behaved similarly to carrot slices. Whether or not this is a general property of the induced respiration of tissue slices remains to be seen. It is clear, however, that in studying this problem we should no longer confine our attention to the TCA cycle and the mechanism of terminal oxidation.
SUM MARY
Specifically labeled substrates (glucose and pyruvate) were used in a series of experiments to find if changes occurred in respiratory pathways from development of the induced respiration in carrot discs. The respiratory rise began about two hours after cutting and reached a value 2 to 2j/2 times that of the original rate in 9 hours. Coinciding with the beginning of the rise there was a distinctive change in the relative rates of release of carbons 1 and 6 of glucose as CO. The release of C-1 (which in the first 2 hr appeared at twice the rate of C-6) was accelerated more than that of C-6 during this period so that the C6/Cj ratio declined. Washed tissue, in which the induced respiration was fully developed, released C-1 at 4 to 5 times the rate of C-6 and the ratio showed the expected decline with time.
The abilities of washed and fresh tissues to convert individual carbons of glucose and pyruvate to CO. were compared. The rates of uptake of the metabolites were more rapid in washed tissue. Pyruvate was actively metabolized by both types of tissue, and in a similar fashion. C-1 was released quantitatively as CO, followed, after lag periods by C-2 and C-3 in order. Even after 24 hours there was considerable retention of C-2 and C-3. By contrast the pattern of release of the glucose carbons as CO. was different in the two types of tissue. In the fresh tissue the relative rates of release of the individual carbons of glucose was C-3,4 > C-1 > C-2 (=C-5) > C-6. In washed tissue the pattern was C-1 > C-3,4 > C-2 (= C-5) > C-6. Particular significance is attached to the distinctly superior contribution of C-1 to the CO, at a time when a considerable fraction of any C-1 entering pyruvate would be diverted to synthetic products. The changing pattern is ascribed to an increased participation of the pentose phosphate pathway as the induced respiration develops.
Analysis of tissues which had received glucose-i-C14 or glucose-6-C14 disclosed that a greater fraction of glucose was converted to products insoluble in alcohol (protein, polysaccharide) in washed tissue. However, as in the fresh tissue, although C-6 made a greater contribution than C-1 to each component other than CO2, it did not appear in any component not also labeled by C-1. Thus although a greater fraction of glucose molecules were 
